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Edited by David LambethAbstract The cell adhesion receptor, syndecan-4, regulates cel-
lular interactions with both the extracellular matrix and soluble
ligands. Accumulating evidence also suggests that cell adhesion
is involved in generating reactive oxygen species (ROS). Here,
we investigated the role of syndecan-4 in regulating growth fac-
tor-induced ROS generation. Rat embryo ﬁbroblasts (REFs)
overexpressing syndecan-4 exhibited increased ROS levels com-
pared to control cells. Expression of the non-phagocytic NADH
oxidase component Nox1 was increased in syndecan-4-over-
expressing REFs and syndecan-4-mediated ROS generation
was diminished when levels of Nox1 were knocked-down with
small inhibitory RNAs. In addition, syndecan-4 enhanced plate-
let-derived growth factor (PDGF)-induced MAP kinase activity
in parallel with ROS generation. Collectively, these data suggest
that syndecan-4 regulates PDGF-induced MAP kinase activa-
tion by altering ROS generation.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Engagement of plasma membrane adhesion receptors by the
extracellular matrix (ECM) causes formation of complex struc-
tures that link the ECM to the cytoskeleton [1–3]. The forma-
tion of such complexes enables the ECM to transduce signal(s)
into the cell and trigger the regulation of physiological events
involved in cytoskeletal organization [3,4]. In addition, the
engagement of cell adhesion receptors regulates soluble growth
factor signals [5]. The integrin family is known to modulate the
function of receptors for growth factors such as insulin, plate-
let-derived growth factor (PDGF), ﬁbroblast growth factor
(FGF), epidermal growth factor (EGF), insulin-like growthAbbreviations: DCF, ﬂuorescent 2 0,7 0-dichloroﬂuorescein; ECM,
extracellular matrix; FBS, fetal bovine serum; GST, glutathione-S-
transferase; PDGF, platelet-derived growth factor; REF, rat embryo
ﬁbroblasts; ROS, reactive oxygen species; SDS, sodium dodecyl
sulfate; SDS–PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis
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[6–8]. Syndecan, which is a cell surface heparan sulfate proteo-
glycan that acts as an adhesion receptor, also regulates the
function of growth factor-receptors [9,10]. By virtue of glycos-
aminoglycan chains, the extracellular domain of the syndecans
binds to several growth factors in the ECM, including FGF-2
[9,11]. Thus, as transducers of signals initiated by soluble
growth factors and interactions with the ECM, adhesion
receptors are essential mediators of cellular cytoskeleleton-
dependent proliferation and migration responses.
Reactive oxygen species (ROS), such as the superoxide anion
and hydrogen peroxide (H2O2), are produced in mammalian
cells in response to the activation of various cell surface recep-
tors [12]. They contribute to intracellular signaling and the reg-
ulation of various biological activities, including host defense
and metabolic conversion. In phagocytic cells, the enzyme
NADPH oxidase is composed of at least ﬁve protein compo-
nents, one of which, gp91phox, is directly involved in ROS gen-
eration [13]. Nox1, a homolog of gp91phox (renamed Nox2)
recently identiﬁed in non-phagocytic cells, has been implicated
in PDGF-induced ROS production [14–16]. Accumulating evi-
dence suggests that cell adhesion contributes to ROS genera-
tion in several cell types, including ﬁbroblasts [15,16]. The
fact that ROS also promote cell–cell and cell–ECM adhesions
[17–19] suggests that cell adhesion and ROS generation are
functionally interrelated. However, the molecular regulatory
mechanisms involved in cell adhesion and ROS generation
have not been well studied.
Here, we report that the cell adhesion receptor, syndecan-4,
regulates ROS generation through interactions with Nox1. We
further show that syndecan-4-mediated increases in ROS
potentiate PDGF-mediated MAP kinase activation, providing
a possible role for ROS in linking adhesion receptors to the
growth factor receptor-mediated MAP kinase activation path-
ways.2. Materials and methods
2.1. Cell culture
Rat embryonic ﬁbroblasts (REFs) were maintained in alpha-modi-
ﬁed Eagles medium (a-MEM; Gibco BRL) supplemented with 5%
(v/v) fetal bovine serum (FBS), penicillin (100 IU/ml; Gibco BRL)
and streptomycin (100 lg/ml; Gibco BRL). Both HEK293T cells and
COS-7 cells were maintained in Dulbeccos modiﬁed Eagles medium
(DMEM; Gibco BRL) supplemented with 10% (v/v) FBS, penicillin
and streptomycin.blished by Elsevier B.V. All rights reserved.
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REFs (2 · 106 cells) were plated on 60 mm-diameter culture dishes
and transfected with 5 lg cDNA encoding syndecan-4 (S4W, the entire
syndecan-4 core protein or S4R, a mutant lacking the entire cytoplas-
mic domain) or syndecan-2 (S2W) [20,21], using the Eﬀectene reagent
(Qiagen, Valencia, CA). For microscopic analysis, COS-7 cells were
transfected with 5 lg of Nox1-LC/pEGFP, S4W/pcDNA3, or S4R/
pcDNA3 with the use of alkaline CaCl2 reagents. After samples were
incubated for 5 h at 37 C, the medium was replaced with 4 ml of fresh
DMEM containing 10% (v/v) FBS. For staining of cells, coverslips
were seeded directly after 24 h transfection.
2.3. Synthesis of siRNA constructs
The following siRNAs were designed targeting the rat Nox RNA as
previously described [22–24]. On the basis of rat Nox cDNA se-
quences, siRNAs were designed as follows: 5 0-TTATGAGAAGTCT-
GACAAG-30 for siNox1; 5 0-CCATTCGGAGGTCTTACTT-30 for
siNOX2; 5 0-AACGAAGGGGTTAAACACCTC-3 0 for siNox4, 5 0-
CAGTCGCGTTTGCGACTGG-30 for control siRNA (Dharmacon
Inc.) REFs were transfected with each Nox siRNA, using N-TER
Nanoparticle siRNA transfection system (Sigma), according to the
manufacturers protocols.
2.4. RNA extraction and reverse transcription polymerase chain reaction
(RT-PCR)
Total RNA extracted from cultured cells was used as template for
reverse transcriptase reaction. Aliquots of cDNA were ampliﬁed using
the following primers: rat Nox1 (forward) 5 0-CACCTGCTCATTTT-
GCAACCACAC-3 0 and (backward) 5 0-CAACTCCTT TCATACTT-
ATCCCACTC-3 0; rat Nox2 (forward) 5 0-ACCAAAACCATTCG-
GAGGTC-3 0 and (backward) 5 0-GGAAGACAACTCTTGCGGTT-
3 0, rat Nox4 (forward) 5 0-CTCT ACTGGATGACTGGAAACC-3 0
and (backward) 5 0-GTCCCATATGAGTTGTTCCG GT-3 0. After
an initial denaturation at 94 C for 5 min, 30 cycles of denaturation
at 94 C for 30 s, annealing at 55 C for 30 s, and extension at 72 C
for 60 s were carried out. The reaction products were analyzed in
1.0% agarose gels.
2.5. Assays of intracellular ROS generation
Dishes of conﬂuent cells were washed with Hanks balanced salt
solution (HBSS) and incubated for 5 min in the dark at 37 C with
HBSS containing 5 lM 2 0,7 0-dichloroﬂuorescin diacetate (DCF-DA),
a sensitive quantitative ﬂuorescent indicator of H2O2. Cells were then
examined with a laser-scanning confocal microscope (LSM 510)
equipped with an argon laser turned to an excitation wavelength of
488 nm, a LP505 emission ﬁlter (515–540), and a Zeiss Axiovert 100
objective lens (all from Carl Zeiss, Germany). Images were digitized
and stored at a resolution of 512 by 512-pixels. Five groups of 10–20
cells were randomly selected from each sample, and the mean relative
ﬂuorescence intensity for each group of cells was measured with a Zeiss
vision system (LSM510, version 2.3) and then averaged for all groups.
In experiments examining PDGF-mediated ROS generation, intracel-
lular production of ROS was assayed after stimulation of cells with
PDGF-BB (50 ng/ml) in serum free a-MEM medium. All experiments
were repeated at least ﬁve times.
2.6. Preparation of recombinant GST-syndecan protein and GST pull-
down assay
The Sydnecan-2 and -4 cDNAs encoding full length (S2W, S4W) or
syndecan-4 cDNA lacking entire cytoplasmic domain (S4R) were sub-
cloned into the GST expression vector, pGEX-5X-1 (Pharmacia), and
fusion protein production in Escherichia coli was induced with 1 mM
isopropyl b-D-thiogalactopyranoside (IPTG). The cells were subse-
quently collected by centrifugation at 2000·g for 15 min, lysed and
incubated with glutathione-agarose beads for puriﬁcation of the
GST-fusion proteins, as previously described [24]. Escherichia coli
transformed with pGEX4T1-recombinant Nox1 mutants were induced
with 1 mM IPTG, and then sonicated with lysis buﬀer (50 mM NaCl,
50 mM Tris–HCl, pH 8.0, 5 mM EDTA) containing 1 mM dithiothre-
itol, 10 mM NaF, 2 mM Na3VO4, and a protease inhibitor cocktail
(1 lg/ml aprotinin, 1 lg/ml antipain, 5 lg/ml leupeptin, 1 lg/ml pepsta-
tin A, 20 lg/ml PMSF) for 30 s on ice, and then 5% Triton X-100 was
added to a ﬁnal concentration of 1%. For GST pull-down experiments,
the bead-bound GST-syndecan-4 fusion proteins were incubated withpuriﬁed recombinant HA-Nox1-LC or HA-Nox1-SC for 3 h at 4 C
in a solution containing diﬀerent amounts of NP-40 [25]. The beads
were then separated by centrifugation, washed with lysis buﬀer, and
subjected to immunoblot analysis.
2.7. Cell lysis, immunoprecipitation and immunoblotting
Cells on 10-cm-diameter plates were washed twice with PBS (500 ll),
lysed in NP-40 buﬀer (50 mM Tris, pH 8.0, 150 mMNaCl, 1% Nonidet
P-40, 10 mM NaF, 2 mM Na3VO4) containing a protease inhibitor
cocktail. Cell lysates were clariﬁed by centrifugation at 10000·g for
15 min at 4 C, denatured with sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) sample buﬀer, boiled, and analyzed
by SDS–PAGE. Proteins were transferred onto polyvinylidene diﬂuo-
ride membranes (Amersham Pharmacia Biotech) and probed with the
appropriate primary antibody, followed by species-speciﬁc horseradish
peroxidase-conjugated secondary antibodies (Amersham Life science).
Signals were detected by enhanced chemiluminescence (ECL; Amer-
sham Life science). For immunoprecipitations, each sample (contain-
ing 500 lg of total protein) was incubated with the relevant
antibodies for 2 h at 4 C, followed an additional 1 hr incubation with
protein G-Sepharose beads (Sigma). Immune complexes were collected
by centrifugation, washed three times with NP-40 buﬀer, resuspended
in SDS-sample buﬀer, and analyzed by SDS–PAGE.
2.8. Assays for MAP kinase activation
REF and REF-S4W cells were serum-starved overnight in aMEM
containing 0.2% FBS and treated with 50 ng/ml of PDGF. MAP ki-
nase activity was assessed using Western blotting with a phospho-spe-
ciﬁc Erk-2 antibody (pErk2, Santa Cruz Inc.).
2.9. Microscopic analysis
COS-7 cells were cotransfected with GFP-Nox1-LC [25] and either
S4W or S4R. At 24–36 h post-transfection, cells were ﬁxed with 4%
paraformaldehyde (w/v) in PBS for 10 min at 25 C, permeabilized
with 0.5% (v/v) Triton X-100 in PBS for 5 min, and blocked with
0.5% BSA and 0.05% gelatin in PBS for 1 h. After being washed, cells
were stained with mouse monoclonal antibody 150.9 against syndecan-
4 ectodomain (a generous gift from Dr. Anne Woods, University of
Alabama at Birmingham, Birmingham AL) for 2 h. The cells were then
exposed to a TRITC-conjugated goat-anti mouse IgG secondary anti-
body (KPL) for 1 h and then observed and photographed by Zeiss con-
focal microscope (Carl Zeiss).3. Results and discussion
Syndecan-4 is involved in regulating the cytoskeletal organi-
zation initiated by cell–ECM interactions [3,17], and ROS are
known to promote cell–cell and cell–ECM adhesions [17–19].
To determine if syndecan-4 is involved in ROS generation,
we compared ROS generation in control REFs with that in
REFs overexpressing syndecan-4 (Fig. 1). In exponentially
growing REFs transiently transfected with wild-type syndec-
an-4 (S4W), the relative DCF ﬂuorescence intensity was signif-
icantly increased compared with that in mock-transfected cells
(Vec) or cells transfected with syndecan-4 mutants lacking the
cytoplasmic domain (S4R) (Fig. 1A). In contrast, transfection
with syndecan-2 (S2W) had no eﬀect on relative DCF produc-
tion, showing that ROS generation was speciﬁcally correlated
with syndecan-4 expression. Consistently, REFs stably over-
expressing syndecan-4 (REF-S4W) also showed increased
ROS generation (Fig. 1B). These data indicate a clear link be-
tween sydnecan-4 expression and the regulation of intracellular
ROS generation.
Since Nox is known to regulate ROS generation in colon
epithelial cells and ﬁbroblasts [13,14], we investigated whether
Nox mediates the generation of ROS in syndecan-4-transfected
cells. Interestingly, although mRNA level of Nox4 which was
Fig. 1. Syndecan-4 regulates ROS generation. (A) REF cells were transiently transfected with either syndecan-4 (S4W), mutant syndecan-4 (S4R), or
syndecan-2 (S2W) cDNAs. After 2 days, H2O2 generation was assayed using DCF ﬂuorescence as described under Section 2 (top panel). Data are
expressed relative to the value for mock-transfected cells (bottom panel), and are given as means ± S.D. (n = 3). (B) H2O2 generation in exponentially
growing control REFs and REF-S4W cells was assayed as described in A. (C) Total RNA was extracted from both REFs and REF-S4W cells and
mRNA expression were analyzed by RT-PCR using each primer as indicated. GAPDH was used as a control. The reaction products were analyzed in
1.5% agarose gels. (D) REFs and REF-S4W cells were transfected with either the pSUPER vector (V), Nox1 siRNA, Nox2 siRNA or Nox3 siRNA
as indicated. ROS generation in exponentially growing cells was assayed as described in A. The P represents signiﬁcance of the diﬀerence in the group
compared with the control.
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vealed that overexpression of syndecan-4 enhanced the expres-
sion of Nox1 mRNA (Fig. 1C). Consistently, syndecan-4-
overexpressing REFs transfected with Nox1 siRNA, but nei-
ther Nox2 siRNA nor Nox4 siRNA, showed decreased ROS
generation (Fig. 1D), demonstrating that Nox1 regulates synd-
ecan-4-induced ROS generation in REFs.
To determine whether syndecan-4 directly interacts with
Nox1, we mixed puriﬁed GST, GST-S4W, GST-S4R mutant,
or GST-S2W proteins with puriﬁed recombinant HA-tagged
proteins containing the COOH-terminal residues 217–550
(Nox1-LC) or 336–550 (Nox1-SC) of Nox1 (Fig. 2A). In
GST pull-down experiments performed in the presence of
NP-40 to eliminate non-speciﬁc interactions mediated by the
transmembrane domain, both Nox1-LC and Nox1-SC concen-
trated on GST-syndecan-4-bearing agarose beads, but not
beads bearing immobilized GST vector controls (Fig. 2B).
Interaction between recombinant syndecan-4 and Nox1 was
clearly detected in the presence of 1% NP-40, even when NP-
40 was present at concentrations as high as 5%. Nox1-syndec-
an-4 interactions appeared to be primarily mediated by the
syndecan-4 transmembrane domain in vitro, since both S4W
and S4R interacted with recombinant Nox1 to a similar extent
in the presence of 1% NP-40 (Fig. 2B top panel, compare lanes
4 and 5). However, the interaction of recombinant Nox1 pro-
teins with S4R, which lacks the syndecan-4 cytoplasmic do-
main, was diminished in the presence of 5% NP-40 (Fig. 2B
bottom panel, compare lanes 5 and 6), suggesting that the synd-
ecan-4 cytoplasmic domain is important in stabilizing this pro-tein-protein interaction. In contrast, no interaction between
syndecan-2 and recombinant Nox1 was detected (Fig. 2B).
Ectopically expressed Nox1-LC could be co-immunoprecip-
itated from 293T cells with the syndecan-4 antibody, demon-
strating that Nox1 is capable of interacting with sydnecan-4
in vivo (Fig. 2C). In COS-7 cells, S4W but not S4R consis-
tently co-localized with transfected Nox1-LC (Fig. 2D). Col-
lectively, these data indicate that syndecan-4 interacts with
Nox1, and suggest that this interaction might be important
for ROS generation in vivo.
The activity of the small G-protein Rac1 plays a critical role
in Nox-mediated ROS generation, and this function depends
on direct interaction with Nox1 [25]. To determine if Rac pro-
teins interact with syndecan-4, we used puriﬁed syndecan-4
and Rac1 in GST pull-down assays. Under conditions in which
recombinant syndecan-4 interacted with Nox1-LC (AA 217–
550), no interaction between syndecan-4 and Rac1 was de-
tected (Fig. 3, compare lanes 3 and 4). However, in the pres-
ence of Nox1-LC, Rac1 concentrated with glutathione
agarose-immobilized GST-syndecan-4 (Fig. 3, lane 5), indicat-
ing that Rac1 interacts with syndecan-4 indirectly through its
interactions with Nox1. Interestingly, the addition of GTPcS
which activates Rac increased the amount of Rac1 interacting
with syndecan-4 in the presence of Nox1 (Fig. 3, lane 7), but
did not aﬀect the interactions between syndecan-4 and Nox1-
LC (Fig. 3, lane 6). Together, these data indicate that syndec-
an-4 interacts indirectly with Rac1 through Nox1, and that
Rac activation enhances the Rac1–Nox1 interaction but not
the syndecan-4–Nox1 interaction.
Fig. 2. Syndecan-4 interacts with NADPH oxidase, Nox1. (A) Schematic diagram of Nox1, with the regions encompassed by Nox1-LC (AA 217–
550) and Nox1-SC (AA 336–550) illustrated. (B) Puriﬁed GST, GST-S4W, or GST-S4R proteins were mixed with puriﬁed recombinant HA-tagged
Nox1-LC (HA-Nox1-LC) or HA-Nox1-SC protein, and incubated for 3 h at 4 C in binding buﬀer containing diﬀerent amounts of NP-40. GST-
fusion proteins were puriﬁed on glutathione-agarose beads. Bound proteins were separated by SDS–PAGE and immunoblotted with anti-HA
antibodies. The blots shown are representative of at least three separate experiments. (C) Lysates from 293T cells transiently transfected with cDNA
for HA-Nox1-LC were immunoprecipitated with an antibody to syndecan-4. Syndecan-4 immunoprecipitates were resolved by SDS-PAGE, and
Nox1-LC was quantiﬁed by Western analysis using an anti-HA antibody. (D) Cos-7 cells were co-transfected with Nox1-LC and S4W or S4R
cDNAs. Cells were then ﬁxed, permeabilized, and stained with anti-syndecan-4 antibody, as described in Section 2. Cells were photographed at 40·
magniﬁcation using laser-scanning confocal microscopy. Syndecan-4 and Nox1-LC cellular distribution and colocalization are shown, including an
overlay image (Merge) with co-localization in yellow. The results shown are representative of three separate experiments.
Fig. 3. Syndecan-4 indirectly interacts with Rac1. Puriﬁed recombi-
nant GST-S4W was mixed with puriﬁed Rac1 by aﬃnity chromato-
graphy using the p21-binding domain of PAK1, puriﬁed HA-Nox1-LC
by immunoprecipitation using cell lysate from 293T cells expressing
HA-Nox1-LC, or both, and incubated in 1% NP-40 cell lysis buﬀer for
3 h at 4 C. Samples treated with 100 lM of GTPcS (for activation of
Rac1) are in lane 7. GST-S4W was puriﬁed on glutathione-agarose
beads. Bound proteins were separated by SDS–PAGE and immuno-
blotted against HA-Nox1-LC (top panel) or Rac1 (bottom panel) using
anti-HA and anti-Rac1 antibodies, respectively. The blots shown are
representative of at least three separate experiments.
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is increased following growth factor stimulation [14,24,26], and
plays a critical role in growth factor-mediatedMAP kinase acti-
vation [27,28]. To determine whether syndecan-4-mediated
ROS generation is involved in MAP kinase activation, we used
DCF ﬂuorescence to detect changes in ROS generation. In ini-
tial experiments, PDGF-induced ROS generation in REFs was
compared to that in REF-S4W cells. Both REF and REF-S4W
cells were starved for 24 h and then treated with 50 ng/ml
PDGF (Fig. 4A; P < 0.001). PDGF stimulation induced a sig-niﬁcantly higher increase in relative DCF ﬂuorescence intensity
in REF-S4W cells compared to REFs, indicating that syndec-
an-4 regulates PDGF-induced ROS generation. Syndecan-4
also increased PDGF-induced MAP kinase activation, as evi-
denced by the four-fold elevation in phospho-Erk1 and -Erk2
in REF-S4W cells relative to control REFs (Fig. 4B). This in-
creased MAP kinase activity was evident as early as in 5 min
after addition of PDGF, when ROS generation was clearly de-
tected, and was maintained up to 60 min post-treatment. In
addition, PDGF-induced MAP kinase activation was de-
creased in syndecan-4-overexpressing REFs transfected with
Nox1 siRNA, compared with syndecan-4-overexpressing REFs
transfected with vector control (Fig. 4C). Syndecan-4 overex-
pression also consistently enhanced PDGF-induced Rac1-
syndecan-4 interactions (Fig. 4D). These ﬁnding suggest that
sydnecan-4 is likely to regulate PDGF-induced intracellular
ROS generation and MAP kinase activation.
Collectively, these data strongly suggest that syndecan-4 is
involved in intracellular ROS generation. Although the molec-
ular mechanism underlying this eﬀect is not known, our work-
ing hypothesis is that the indirect interaction of syndecan-4
with Rac1, mediated by Nox1, acts to enhance Rac1-depen-
dent increases in intracellular ROS levels. It is further possible
that syndecan-4-dependent ROS generation potentiates
growth factor-mediated MAP kinase activation, since syndec-
an-4 enhances both PDGF-induced H2O2 generation and
MAP kinase activation. Although further studies will be re-
quired to deﬁne the detailed mechanism underlying these ef-
fects, this study provides the ﬁrst evidence linking adhesion
receptors with ROS generation and growth factor receptor-
mediated MAP kinase activation pathways.
Fig. 4. Syndecan-4 potentiates PDGF-induced MAP kinase activation by altering ROS generation. After starvation, both REFs and REF-S4W cells
were treated with 50 ng/ml of PDGF for the indicated times. (A) ROS generation was assayed using DCF ﬂuorescence, as described in Fig. 1. (B)
After cells were lysed using NP-40 buﬀer, MAPK activation was assessed with phospho-speciﬁc Erk2 antibodies (pErk2) followed by stripping and
re-probing with anti-Erk2 antibody (Erk2). Both Erk1 and Erk2 are indicated. (C) REFs and REF-S4W cells were transfected with either control
vector (V) or Nox1 siRNA. MAPK activation was assessed with phospho-speciﬁc Erk2 antibodies (pErk2) as described in B. (D) Syndecan-4 was
immunoprecipitated from cell lysates with anti-syndecan-4 antibody and resolved by SDS–PAGE. The amount of associated Rac1 was analyzed by
immunoblotting.
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